Structure of nano-domes formed by Ga þ ion irradiation with a focused ion beam (FIB) apparatus onto GaN nanowires (NWs) was examined with conventional transmission electron microscopy (CTEM), electron energy-loss spectroscopy (EELS) and energy-filtering TEM (EF-TEM). The nano-dome consisted of metallic gallium, covered by a GaN layer, the structure of which is amorphous or liquid. It is considered that the dome structure is formed by preferential displacement of lighter element (N) and agglomeration of heavier one (Ga). 1 MeV electron irradiation onto the sample pre-irradiated by Ga þ ions at a dose below the threshold for the dome formation induced the N 2 bubble formation without segregating Ga atoms, which suggests the radiation-enhanced diffusion (RED) of heavy atoms plays an important role in the nano-dome formation.
Introduction
Recent catalytic growth of nanowires (NWs) of elemental and compound semiconductors has opened up a possibility of their application as one-dimensional nanodevices. [1] [2] [3] GaN NWs provide most promising future as one of the most successful wide-gap semiconductors. [4] [5] [6] [7] Keeping future technological implications in mind, it is essential to study the fundamental aspects of the interaction between energetic particles and this material, since the device application demands a complete understanding of the defects generated by non-equilibrium ion bombardment technique as indispensable processing steps. Early efforts have been made to understand the evolution of defects in the irradiated GaN NWs. 8) It could be most important to investigate, systematically, the irradiation damage with Ga þ (self) ion irradiation since the chemical effects of implanted ions are avoided.
The present group of authors conducted Ga þ ion implantation on GaN NWs by focused ion beam (FIB), and discussed the role of dynamic annealing with an emphasis on the fluence-dependent defect structures. 8) Most recently, 9) nano-sized hemispherical or dome-like structure was found on the GaN NWs irradiated by focused Ga þ ion irradiation at higher fluences. Transmission electron microscopy (TEM), electron energy-loss spectroscopy (EELS) and energy-filtering TEM (EF-TEM) observations revealed that the main constituent of this dome-like structure was metallic gallium. 9) In the present paper, further detailed TEM analyses of the nano-domes are reported.
Experimental
GaN NWs were grown on a Si substrate 7) by chemical vapor deposition technique using molten gallium as source and 10 sccm NH 3 as reactant gas. Thin film of Au ($5 nm) was used as catalyst in the vapor-liquid-solid growth mechanism of GaN NWs. The NWs formed were in the wurzite phase. 7) Using FIB as source, Ga þ ions were then implanted onto the GaN NWs at room temperature with an accelerating voltage of 50 keV up to a fluence of 2 Â 10 20 ions m À2 . Ga þ ion beam was raster scanned over an area of 400 Â 400 mm 2 with a beam current of $1:3 nA, corresponding to an ion flux of $5 Â 10 16 ions m À2 s À1 . As calculated by the SRIM code, the projected range of 50 keV Ga þ in GaN film is 24 nm and the energy dissipation is mainly through nuclear energy loss. The detail of the irradiation conditions was given elsewhere. 8, 9) The irradiated GaN NWs were examined with a Jeol JEM3000F transmission electron microscope equipped with Gatan Imaging Filter (GIF) at the Wakasawan Energy Research Center. Figure 1 (a) shows a representative TEM image of nanodome structure on a GaN NW irradiated by Ga þ ions with a fluence of 2 Â 10 20 m À2 . The uniform dark contrast of the dome suggests that the structure is amorphous rather than crystalline. A selected area diffraction pattern taken from the dome structure is shown in Fig. 1(b) . Electron diffraction actually exhibits a halo ring pattern, indicating that the dome is amorphous or liquid. A dark-filed TEM image taken from a part of the halo ring with the objective aperture inserted at the position indicated in Fig. 1(b) is shown in Fig. 1(c) . It is noted that the thin surface layer of the GaN NW also appears bright here, which is discussed later.
Results

Phase identification of nano-dome
In order to identify the phase of the nano-dome, EELS measurements were conducted. Figure 2 shows low-loss spectra from the nano-dome and the GaN NW, studied in Fig. 1 . The spectrum from the GaN NW exhibits a bulk plasmon peak at 19.6 eV, which has the same feature as reported for the bulk GaN, 10) while the plasmon peak from the nano-dome is located at 13.6 eV. The narrow FWHM of the latter plasmon peak suggests that the nano-dome is metallic, 11) and actually the peak energy (13.6 eV) coincides with the reported plasmon energy of metallic gallium. Thus the nano-dome mainly consists of metallic gallium and identified as amorphous, i.e., it is very likely a liquid state, since the melting point of gallium is $303 K and the electron beam illumination could cause such a slight temperature elevation during the observation. High-resolution TEM (HRTEM) observation of the nano-dome revealed faint lattice fringes, consistent with the -Ga structure, near the topmost part, as already reported. 9) The lattice fringes are presumably due to partial crystallization of the dome surface, because no distinct diffraction spot was observed.
Once the phase is identified as liquid state, spatial distributions of the phase of interest or constituent element can be imaged by using energy-filtering TEM method. 11) In this technique, by inserting the energy-slit on the spectrum dispersion plane and selecting the energy region of interest, corresponding to a spectrum feature of the phase or element to be imaged, one can obtain the projected distribution of the phase or element as bright image. Plasmon images of nanodomes are shown in Figs. 3(a) and (b), where the energy slit is selected in the energy regions of 12-15 eV and 18-21 eV, respectively. The images clearly revealed the phase distributions and the Ga-plasmon image highlights the dome-like shape. It is worth mentioning that the nano-dome is covered by a thin layer, as revealed in Fig. 3(b) (GaN-plasmon image). The thin layer was also confirmed to be amorphous GaN, as already reported in Ref. 9 ).
Smaller node-like structures, which are likely in earlier stages of nano-dome formation, are sometimes observed, as shown in Fig. 4 . Energy-filtered plasmon images taken with 13.6 and 19.6 eV plasmon peaks in Figs. 4(a) and (b), respectively, showed more clearly that the Ga nano-domes in the GaN NW are covered by GaN layers which are thicker than those of the fully grown nano-dome studied in Fig. 3 . These suggest that the Ga domes were formed by segregation of gallium atoms and their growth inside the NWs, rather than accumulation of implanted Ga þ ions.
Observation of precursor of nano-dome
Small blisters were sometimes observed in GaN NWs irradiated by Ga þ ions up to a dose of 1:0 Â 10 20 ions m À2 , as shown in Fig. 5(a) . Plasmon images taken with metallic gallium and GaN bulk plasmon peaks are shown in Figs. 5(b) and (c), respectively. The width of the energy-selecting slit was again 3 eV to precisely select each plasmon peak, and the image contrast was slightly enhanced in each energy-filtered image. EELS spectra of the low energy-loss region from the areas (1) and (2) indicated in Fig 5(a) are also shown in Fig.  5(d) . These clearly show that gallium is segregated just underneath the blisters (bubbles). It was not possible to fully clarify the chemical nature of the blisters. However it may be suggested that the heavy ion irradiation preferentially displaces the lighter atoms (nitrogen), which diffuse away presumably out of the NW surfaces, followed by segregation of residual gallium atoms. Fig. 1(a) .
Discussion
One might still doubt that the nano-domes were formed as a result of accumulation of the implanted Ga þ ions. Rough estimation of the amount of implanted atoms falling on the base area results only a deposit layer of $4:0 nm height. 9) Therefore the present nano-dome structure should be mainly the result of agglomeration of constituent gallium in the GaN NW.
GaN NWs irradiated by Ga þ ions with a fluence below 1:0 Â 10 20 ions m À2 exhibited no distinct nano-domes. A region of the irradiated NWs, showing no bubble formation, was subjected to 300 keV electrons in the TEM. The current density of the electron illumination was $1:1 A cm À2 , and the electron energy was supposed to be well below the threshold energy to introduce displacement damages in GaN. As a result of the electron irradiation, bubbles appeared and grew near the surface region of the NW, as shown in Fig. 6 . The energy-filtered TEM and EELS measurements showed no gallium segregation around the bubbles, unlike in the case of sample studied in Fig. 5 . The result can be interpreted as follows. The pre-irradiation with Ga þ ions introduced a lot of latent displacement damages, a majority of which should be lighter nitrogen atoms. These displaced nitrogen atoms were trapped in metastable states and were further displaced by the electron irradiation, resulting in the agglomeration and bubble formation. Gallium segregation was not observed in the present case.
It was reported in electron irradiated SiC 12) that lighter carbon atoms are preferentially displaced and diffuse away and the Si atoms left behind to form small clusters of less than 1 nm in size. In the present case, such small clustering might take place, though much larger energy deposition due to the heavy ion bombardment must be necessary for gallium agglomeration to occur. The displacement per atom (dpa) rate in the electron irradiation was about 5 Â 10 À3 dpaÁs À1 , while 15:3 Â 10 À3 dpaÁs À1 in the Ga þ ion irradiation. The present observation hence suggests that a large amount of precipitate forming the nano-dome structure can be realized only at high dpa rates and radiation-enhanced diffusion (RED) can significantly contribute to the gallium segregation. Fig. 4 Energy-filtered TEM images of node-like structures with the 13.6 eV(a) and 19.6 eV(b) plasmon (ref. Fig. 2) selected, respectively.
The width of energy selecting slit was 3 eV. Finally let us discuss why the thin surface layer of GaN NW showed the bright contrast in the dark-field image in Fig.  1(c) , as mentioned in the first paragraph of section 3.1. The metallic Ga-plasmon image showed no gallium segregation at the top surface layer of GaN NW, as shown in Fig. 3(a) . It should be thus considered that the contrast originates from heavy damage or amorphization, giving rise to a broad halo ring at a similar position of amorphous (liquid) gallium in electron diffraction. A part of the halo intensity was unintentionally included in the objective aperture and the damaged layer appeared bright in the image.
Conclusions
Structure of nano-domes on GaN NW formed by Ga þ ion irradiation was examined with conventional transmission electron microscopy (CTEM), electron energy-loss spectroscopy (EELS) and energy-filtering TEM (EF-TEM). The main constituent of the nano-dome was metallic gallium, the structure of which was amorphous or liquid, presumably due to the slight temperature elevation associated with the electron beam heating. Energy-filtering TEM of the nanodome precursors suggested that the dome structure was formed by preferential displacement of the lighter element (N) and agglomeration of the heavier one (Ga) by Ga þ ion irradiation. 300-keV electron irradiation of the sample preirradiated by Ga þ ions induced the bubble formation without segregating Ga atoms, which also suggests that high dpa rates are necessary and the radiation-enhanced diffusion (RED) of heavy atoms play a role for sufficient accumulation of gallium to take place. 
